Because de novo purine synthesis (DNPS) is a target of widely used antileukemic agents (eg, methotrexate, mercaptopurine), we determined the rate of DNPS and the expression of genes involved in purine metabolism in different subtypes of acute lymphoblastic leukemia (ALL). Among 113 children with newly diagnosed ALL, lymphoblasts with the TEL-AML1 translocation had significantly lower DNPS than all other genetic subtypes of B-lineage ALL or T-lineage ALL (352 ؎ 57 versus 1001 ؎ 31 or versus 1315 ؎ 76 fmol/nmol/h, P < .0001). By assessing the expression of 82 genes involved in purine metabolism (KEGG pathway database) in ALL blasts from 38 patients with B-lineage ALL (14 with TEL-AML1, 24 without), we identified 16 genes that were differentially expressed in TEL-AML1-positive and TEL-AML1-negative ALL (P < .001, false discovery rate [FDR] ‫؍‬ 5%). The pattern of expression of these 16 genes discriminated TEL-AML1-positive ALL with a true accuracy of 84% in an independent test set (n ‫؍‬ 17, confidence interval 70% to 94%, P < .001). Western blots of selected genes documented corresponding levels of the proteins encoded. Differentially expressed genes included HPRT, IMPDH, PAICS, and GART, all of which were expressed at a significantly lower level in TEL-AML1 ALL. These findings have established that TEL-AML1 ALL has significantly lower de novo purine synthesis and differential expression of genes involved in purine metabolism. ( 
Introduction
Pediatric acute lymphoblastic leukemia (ALL) is a heterogeneous disease comprising different immunophenotypes and various genetic subtypes caused by chromosomal translocations with aberrant gene fusions and inappropriate expression of oncogenes. These genetic abnormalities have important prognostic and therapeutic implications, but the underlying mechanisms are not fully understood. 1 De novo purine synthesis (DNPS) is higher in ALL cells compared with normal bone marrow cells and peripheral blood lymphocytes, and T-lineage ALL has higher DNPS than B-lineage ALL. 2, 3 It is not known, however, whether DNPS differs among the genetic subtypes of B-lineage ALL.
Nucleotides play a key role in many biochemical processes related to their importance as DNA and RNA precursors, energy carriers, coenzyme components, and metabolic regulators. 4 Cells obtain purine nucleotides through 2 separate metabolic pathways, de novo purine synthesis and salvage of extracellular purine bases and nucleotides. DNPS and several enzymes involved in the purine metabolism pathway are important targets for antimetabolites (eg, mercaptopurine and methotrexate) that are the cornerstone of continuation therapy for childhood ALL. 1 DNPS is a complex pathway in which nucleotides are synthesized from amino acids and tetrahydrofolate in a multienzymatic process, starting with phosphoribosyl pyrophosphate (PRPP), primarily formed from ribose-5-phosphate (from the pentose phosphate pathway) and adenosine triphosphate (ATP). 4 Previous studies have shown that the pattern of gene expression in ALL blasts differs among the major genetic and lineage subtypes of childhood ALL 5 and is able to discriminate treatment-induced changes in gene expression. 6 The present investigation was undertaken to assess differences in the rate of DNPS in bone marrow leukemic blasts from patients with different genetic and lineage subtypes of ALL and to determine whether there is differential expression of purine pathway genes in ALL with low versus high DNPS.
Patients, materials, and methods

Patients and genetic characterization of leukemia cells
A total of 113 children aged 18 years or younger with newly diagnosed ALL, enrolled on the St Jude Total Therapy XIIIB and XV protocols, were included in this study. The investigation was approved by the Institutional Review Board at St Jude Children's Research Hospital, and signed informed consent was obtained from parents or legal guardians before enrollment. The diagnosis of ALL was based on morphology, cytochemical staining, immunophenotyping, cytogenetic analysis, and genetic characterization using methods previously described. 1, 5 These include B-lineage leukemias that contain t(1;19)[E2A-PBX1], t(12;21)[TEL-AML1] translocations, or a hyperdiploid karyotype (ie, more than 50 chromosomes), and T-lineage ALL (T-ALL). For the DNPS analysis we divided the patients into 5 subgroups according to different genetic subtypes (n ϭ 30, TEL-AML1; n ϭ 26, hyperdiploid B-lineage; n ϭ 7, E2A-PBX; n ϭ 33, B-lineage ALL with no defined genetic subtypes; and n ϭ 17, T-lineage). For the microarray analysis, we studied 55 B-lineage ALL patients divided into a "training set" of 38 patients (14 with and 24 without the TEL-AML1 fusion) (Supplemental Document; see the Supplemental Document link at the top of the online article on the Blood website) and a "test set" of 17 patients (7 with TEL-AML1 and 10 without the TEL-AML1 fusion) (Supplemental Document).
Isolation of ALL blasts from bone marrow aspirate
For all patients, ALL blasts were obtained from bone marrow aspirates at diagnosis. Samples consisted of 5 to 10 mL bone marrow collected in syringes containing 800 units of heparin and kept on ice until processed. Leukemic cells were obtained by density separation over a Ficoll-Hypaque gradient and washed 3 times with a solution of HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid), Hanks buffered solution, and heparin, as previously described in detail. 7 The final cell yield was determined by hemocytometer and percent viability by trypan blue exclusion.
Measurement of purine bases and rate of DNPS in bone marrow ALL cells
The concentration of purine bases from hydrolyzed nucleotides and the rate of DNPS in ALL blasts were simultaneously determined by quantifying unlabeled and radiolabeled purine bases (adenine and guanine) after acid hydrolysis of a 2-hour ex vivo incubation of 5 ϫ 10 6 lymphoblasts with 14 C-formate, as previously described. 8, 9 The method for quantitating DNPS was modified to yield higher overall median values when compared with the method previously used to quantitate DNPS in ALL blasts. 7, 9 However, the previously observed lineage differences in DNPS (T-ALL greater than B-lineage ALL) remained evident with the current DNPS assay. The concentrations of unlabeled adenine and guanine were determined from peak areas of UV chromatograms against a linear calibration curve of standards (1 to 75 nmol on column) prepared in phosphate-buffered saline. Newly synthesized purines were determined by the concentration of 14 C-adenine and 14 C-guanine, which were calculated on the basis of the total disintegrations per minute (dpm) corresponding to the relevant peaks of the chromatograms, with a specific activity of 50 dpm/pmol. The detection limit for the radiolabeled purines was 0.02 pmol on column. The rate of de novo adenine plus guanine synthesis (DNPS) was calculated as the femtomoles of newly synthesized adenine plus guanine per nanomole of total intracellular adenine plus guanine per hour of incubation (fmol/nmol/ h). Under conditions used, the rate of DNPS ( 14 C incorporation from formate) remained linear for incubation times of 30 to 120 minutes in human CEM-CCRF leukemia cells (American Type Culture Collection [ATCC], Manassas, VA) (R 2 ϭ 0.986 Ϯ 0.009, mean of 3 experiments).
Cell cycle distribution
We determined the percentage of cells in S phase of bone marrow leukemic blasts obtained at diagnosis in all patients for whom an adequate number of cells was available (n ϭ 83). Propidium iodide-stained DNA content was measured by flow cytometry with a Coulter EPICS-V flow cytometer (Coulter Electronics, Hialeah, FL). The computer program ModFit (Verity Software, Topsham, ME) was used to calculate the percentages of cells in G 0 /G 1 , S, and G 2 ϩM phase.
RNA extraction and gene expression profiling
All 55 patients (38 for the training set and 17 for the test set) in whom ALL gene expression was determined had sufficient blasts in their bone marrow aspirates to permit RNA isolation from 5 million to 10 million leukemia cells (median, 97% blasts). We extracted high-quality total RNA with TriReagent (MRC, Cincinnati, OH) from cryopreserved mononuclear cell suspensions from bone marrows at diagnosis. Using methods previously described, 5, 6, 10 total RNA was processed and hybridized to the HG-U133A oligonucleotide microarray, which contains 22 283 gene probe sets, representing approximately 12 357 human genes, plus approximately 3820 expressed sequence tag clones (EST) with unknown function (Affymetrix, Santa Clara, CA; see manufacturer's manual for detailed protocol). 11 We used the default settings of Affymetrix Microarray Suite software version 5 (MAS 5.0; Affymetrix) to calculate scaled gene expression values. To further establish the validity of gene expression determined by microarray analysis, we used quantitative real-time polymerase chain reaction (RT-PCR) to quantitate mRNA in 4 patient samples for 4 genes (phosphoribosylaminoimidazole carboxylase, PAICS; inosine-5Ј-monophosphate dehydrogenase, IMPDH2; fragile histidin triad protein, FHIT; and nonmetastatic protein NM23H1, NME1), yielding correlation coefficients of 0.97, 0.94, 0.87, and 0.89, respectively, between RT-PCR and the oligonucleotide microarray results (Supplemental Document).
Statistical analysis and bioinformatics
We selected 129 probes sets (82 genes) involved in purine metabolism pathways according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) 12 (Supplemental Document).
Pairwise comparisons using the Wilcoxon rank sum test were used to assess differences in DNPS rates among the 5 ALL subtypes. The Holm method was used to adjust for multiple testing. Gene expression for the 129 purine metabolism probes was log transformed, and the t test, distinction calculation, 13 and Wilcoxon rank sum test were used to select probe sets discriminating TEL-AML1 versus non-TEL-AML1 ALL. We estimated the false discovery rate (FDR) and significance by permutation (n ϭ 1000). We used support vector machine as the classifier in leave-one-out crossvalidation analysis and in the estimation of true accuracy by an independent test set (n ϭ 17). Because the independent test set samples were analyzed on the Affymetrix U95Av2 array, 5 we first selected the U95Av2 probe sets (n ϭ 88) that correspond to the discriminating U133A probe sets (n ϭ 129) based on the best match information provided by Affymetrix. A bootstrap method was used to obtain the 95% confidence interval of the true accuracy. Multiple linear regression was used to evaluate the significance of selected genes after adjusting for TEL-AML1. R 1.7.0 statistical software was used to perform the above analyses. Principal components analysis (PCA) and hierarchical clustering were performed using GeneMaths 1.5 software (AppliedMaths, Sint-Martens-Latem, Belgium).
Western blot analysis
Bone marrow blast cells from 2 patients with TEL-AML1-positive ALL and 3 patients with non-TEL-AML1 ALL (2 hyperdiploid B-lineage and 1 B-lineage ALL with no defined genetic subtypes) were lysed on ice in RIPA lysis buffer (150 mM NaCl, 
Results
Differences in DNPS rate among ALL lineage and genetic subtypes
DNPS rates in pretreatment ALL blasts from 113 patients are summarized in Table 1 , subgrouped by ALL lineage and genetic subtype (B-lineage ALL with TEL-AML1, n ϭ 30; hyperdiploid B-lineage, n ϭ 26; E2A-PBX, n ϭ 7; no defined abnormality, n ϭ 33; and T-lineage, n ϭ 17).
DNPS was significantly lower in patients whose ALL blasts had the TEL-AML1 fusion (TEL-AML1) compared with each of the other ALL subtypes (Figure 1 ), whereas there was no statistical difference among patients with E2A-PBX translocation (E2A-PBX), hyperdiploid B-lineage ALL (BHD), and B-lineage ALL with no defined genetic abnormalities. The DNPS rate was higher in patients with T-lineage ALL compared with each of the other ALL subtypes, and the difference was significant when T-lineage ALL was compared with all cases of B-lineage ALL (P ϭ .01) or when compared with only B-lineage ALL without TEL-AML1 (P ϭ .02).
There were no significant differences in white blood cell (WBC) count (P ϭ .19) or percent of bone marrow leukemia cells in S phase (P ϭ .47) between TEL-AML1 and non-TEL-AML1 B-lineage ALL. Multiple linear regression analysis showed that a higher percent of bone marrow leukemia cells in S phase was significantly associated with a higher rate of DNPS (R 2 ϭ 0.20, P ϭ .0032) in addition to TEL-AML1 status (Supplemental Document).
Differences in gene expression between TEL-AML1 versus non-TEL-AML1 B-lineage ALL
According to 3 independent statistical algorithms (t test, distinction calculation, and Wilcoxon rank sum test) and the estimated false discovery rate (FDR), we identified 18 purine pathway gene probe sets (corresponding to 16 genes listed in Figure 2A ) that discriminated TEL-AML1 from non-TEL-AML1 B-lineage ALL (P Ͻ .001, FDR ϭ 5%). These probe sets discriminated the 2 groups of patients with a prediction accuracy of 85% by leave-one-out cross-validation using support vector machine (SVM). Hierarchical clustering using the 18 selected probes clearly separated patients into 2 distinct groups, with TEL-AML1 ALL clustered together (Figure 2A) . The principal components analysis (PCA) illustrates the degree of discrimination between the 2 groups of patients ( Figure 2B ). These 16 genes were able to identify TEL-AML1-positive ALL with a true accuracy of 84% in an independent test set (n ϭ 17, P Ͻ .001), with discrimination comparable to the training set ( Figure 2C ).
Discriminating genes included PRPS2, GART, IMPDH2, PAICS, and HPRT1, each of which was expressed at a lower level in TEL-AML1-positive cases, whereas only 4 purine pathway genes, AK1, FHIT, GUCY1B3, and POLR2C, were expressed at a higher level in TEL-AML1 ALL.
Correlation between gene expression and DNPS rate after adjusting for TEL-AML1 translocation For each of the 16 genes that discriminated TEL-AML1 from non-TEL-AML1 B-lineage ALL, we applied multiple regression analysis that included TEL-AML1 status and gene expression level as covariates. It revealed that the expression levels of 2 genes were significantly linearly correlated with DNPS, even after adjusting for TEL-AML1 status, which are IMPDH2 (R 2 ϭ 0.09, P ϭ .009) and PAICS (R 2 ϭ 0.10, P ϭ .003). The correlation between expression levels of these 2 genes and DNPS was more significant without adjusting for TEL-AML1 status (IMPH2, R 2 ϭ 0.42, P Ͻ .0001; and PAICS, R 2 ϭ 0.52, P Ͻ .0001) (Figure 3) . A multiple linear regression model including these 2 genes in addition to TEL-AML1 status as covariates accounted for 67% of total variation in DNPS among B-lineage ALL (P Ͻ .0001).
Concordance of protein levels and gene expression in TEL-AML1-positive versus TEL-AML1-negative ALL cells
As depicted in Figure 4 , there was good concordance between the level of gene expression (mRNA) and cellular FHIT and NME1 protein levels in TEL-AML1-positive versus TEL-AML1-negative ALL cells. There was a significant linear correlation between protein levels measured by Western blot analysis and mRNA expression by oligonucleotide microarray in these 5 patients (R 2 ϭ 0.98 for NME1 and R 2 ϭ 0.34 for FHIT) (Supplemental Document). NME1 mRNA and protein levels were significantly lower in TEL-AML1 leukemia cells compared with TEL-AML1-negative blasts; mRNA and protein levels of the putative tumor suppressor FHIT were significantly higher in TEL-AML1-positive For personal use only. on April 29, 2017 . by guest www.bloodjournal.org From ALL. These 2 genes were selected as representative of genes underexpressed or overexpressed in TEL-AML1 ALL, because there was not a sufficient number of cells to quantitate the level of all proteins encoded by the 16 discriminating genes.
Discussion
Acute lymphoblastic leukemia (ALL) is a heterogeneous disease in terms of clinical presentation, genetic subtypes, and response to therapy. 1 Specific genetic abnormalities (eg, chromosomal gains or losses, resulting in hyperdiploidy or hypodiploidy, respectively; chromosomal translocations leading to aberrant gene fusions and dysregulation of gene expression; and deletion or functional inactivation of tumor suppressor genes) are found in leukemic cells of 75% to 80% of patients with ALL. Discovery of these abnormalities has been important in elucidating the pathogenesis, defining the prognosis, and guiding the treatment of patients with ALL. 1, 14 Acute lymphoblastic leukemia cells, in contrast to normal bone marrow cells and peripheral blood lymphocytes, have a relatively high rate of de novo purine synthesis (DNPS). 15, 16 Purine nucleotides participate in a variety of cellular functions, including synthesis of RNA and DNA, regulation of enzymatic activity, protein synthesis and function, and mediation of energy transfer in cells. 4 Several in vitro and in vivo studies suggest that there is a lineage difference in the rate of DNPS in leukemic cells, with T-lineage ALL having higher DNPS than B-lineage ALL. 7, 17, 18 Recent studies 19, 20 show that the gene encoding methylthioadenosine phosphorylase, an enzyme involved in the purine salvage pathway, is more frequently deleted in T-lineage ALL than in B-lineage ALL because of its close genomic proximity to the tumor suppressors p16 INK4A /p15 INK4B . In addition, hypoxanthine exerts feedback inhibition on DNPS, and the lower intracellular hypoxanthine plus inosine concentrations in T-lineage ALL compared with B-lineage ALL suggest that lower purine recycling and salvage activity may be compensated by increased DNPS in T-lineage ALL. 7 To date, there have been no studies to determine whether there are differences in the rate of DNPS among genetic subtypes of ALL. The current work is the first to reveal that leukemia cells with the TEL-AML1 fusion have a significantly lower rate of DNPS when compared with other genetic subtypes of childhood ALL. No statistical difference was evident among ALL with E2A-PBX translocation, hyperdiploid B-lineage, and B-lineage ALL without defined genetic abnormalities. As previously observed, 7 DNPS was higher in patients with T-lineage ALL compared with the other ALL subtypes (B-lineage versus T-lineage ALL, P ϭ .01; Blineage without TEL-AML1 versus T-lineage ALL, P ϭ .02).
The cryptic t(12; 21) chromosomal translocation with TEL-AML1 fusion is detectable in approximately 25% of pediatric B-lineage ALL, 21, 22 most frequently occurring in patients between 1 and 5 years of age. 23, 24 This translocation results in an "in-frame" fusion of 2 critical regulators of hematopoiesis, TEL (ETV6) at chromosome 12p13 and AML1 (CBFA2) at chromosome 21q22. 13, [25] [26] [27] This gene fusion has been detected in neonatal blood spots of patients who years later developed ALL, suggesting its origin in fetal development. 13, 28, 29 It is not clear, however, whether the occurrence and pathogenicity of this translocation is limited to a particular stage of early B-cell development. Although the TEL-AML1 fusion is considered to have a relatively good prognosis, 24, 30, 31 the biologic nature of leukemias carrying the t(12; 21) is heterogeneous. 22, 24, 32, 33 It is not known whether the TEL-AML1 fusion is the cause or effect of low DNPS or whether the lower rate of DNPS contributes to the favorable prognosis of TEL-AML1 ALL. As a potential cause of leukemogenesis, it is possible that a low rate of DNPS results in lower purine pools in such cells and that an inadequate source of purines could compromise DNA repair and predispose to chromosomal translocations. 34 It is possible that the rate of cell proliferation or DNA synthesis could influence the rate of cellular DNPS, which would be consistent with our observation of a significant correlation between percentages and rate of DNPS. However, this did not explain the difference between TEL-AML1 and non-TEL-AML1, because there was not a significant difference in percentage of cells in the S phase of the cell cycle in TEL-AML1 and non-TEL-AML1 ALL. It is also plausible that the lower rate of DNPS renders TEL-AML1 ALL more susceptible to antileukemic agents that inhibit DNPS (eg, methotrexate, mercaptopurine) and to more avid incorporation of fraudulent nucleotides (eg, thioguanine, cytosine arabinoside) after mercaptopurine or cytarabine therapy, thereby contributing to their favorable prognosis. 22, 35 Future studies will be needed to elucidate the importance of low DNPS in the pathogenesis and treatment outcome of TEL-AML1 ALL.
Because TEL-AML1 ALL was found to have significantly lower DNPS, we used oligonucleotide microarrays to identify purine metabolism pathway genes that are differentially expressed in B-lineage ALL with or without the TEL-AML1 fusion. This study identified 16 purine pathway genes (18 probe sets) that discriminated B-lineage ALL with or without TEL-AML1 fusion, revealing a new biologic difference among the genetic subtypes of ALL. It is noteworthy that only 2 of the differentially expressed purine pathway genes (PRPS2, NME2) were identified among those genes previously found to discriminate TEL-AML1 ALL from other genetic subtypes in a genome-wide approach. 5 Thus, it was necessary to focus our assessment of gene expression on candidate purine pathway genes to elucidate the differences in gene expression governing purine metabolism.
Interestingly, some of the discriminating genes have been previously implicated in the pathogenesis of ALL. For example, aberrant FHIT transcription has been reported in acute myeloid leukemia and ALL. 36, 37 The FHIT protein has been implicated as a tumor suppressor gene, but the exact biologic function is not known. 38, 39 FHIT was 1 of only 4 discriminating purine pathway genes expressed at a higher level in ALL with the TEL-AML1 fusion. In contrast, NME1 (nm23-H1) and NME2 (nm23-H2) were expressed at a lower level in TEL-AML1 ALL. NME1 and NME2 show 88% amino acid sequence homology 40, 41 and are located in tandem on the same region of chromosome 17q21. Their expression was inversely correlated with tumor metastatic potential in experimental rodent cells and in some human tumors. 42 Reduced NME expression was associated with increased metastatic potential and more aggressive disease in human breast, 43 hepatocellular, 44 ovarian, 45 and gastric carcinoma 44 and in melanoma. 46 It has been reported that high-grade non-Hodgkin lymphoma (NHL) and Hodgkin lymphoma exhibit significantly higher levels of NME expression compared with low-grade NHL. 47 High expression of both NME1 and NME2 has been associated with a poor prognosis in AML and with disease progression of CML and especially in AML-M5, where NME1 overexpression was the most important poor prognostic factor. 48 These results suggest that there is a connection between NME function and more aggressive phenotypes in leukemia, such as malignant growth, differentiation resistance, and chemotherapy resistance. Whether their lower expression contributes to the favorable prognosis in TEL-AML1 ALL remains to be determined.
IMPDH2 and HPRT1 were both expressed at a lower level in ALL with the TEL-AML1 fusion. The protein encoded by IMPDH2 catalyzes the first step in formation of guanine ribonucleotides from inosine monophosphate, which is important for cell proliferation. IMPDH activity correlates positively with increased proliferation of both normal and malignant cells 49 as well as malignant transformation. 49, 50 Previous reports have shown that depletion of guanine nucleotide pools, after inhibition of IMPDH by mycophenolic acid or mizoribine, potently inhibits cell cycle progression by arresting activated T lymphocytes in the G 1 phase of the cell cycle. 51 HPRT1 is essential for the purine nucleotide salvage pathway and, like IMPDH2, plays an essential role in mercaptopurine activation. Hypoxanthine guanine phosphoribosyltransferase activity in ALL cells has been shown to be inversely related to leukocyte (WBC) count and tumor load in untreated ALL patients. 52 Among the 18 discriminating probe sets, 2 probe sets (IMPDH2 and PAICS) showed the best linear correlation between gene expression and DNPS rate. PAICS (AIR carboxylase/SAICAR synthetase) is a bifunctional enzyme, the activities of which are required for steps 6 and 7, respectively, of purine biosynthesis. 4 To our knowledge, there have been no studies establishing a role of this gene in leukemogenesis or prognosis in ALL.
One additional case of ALL was not included in our analysis of TEL-AML1 because of an equivocal genetic diagnosis. ALL cells from this patient did not have a TEL-AML1 fusion by RT-PCR or other known chromosomal translocation. However, these ALL cells had a genome-wide pattern of gene expression indicative of TEL-AML1 ALL, 5 and fluorescence in situ hybridization (FISH) analysis subsequently revealed that these ALL cells had a split TEL gene due to a cryptic 3-way translocation. This case had a low rate of DNPS (516 fmol/nmol/h) and clustered among the TEL-AML1 cases by hierarchical clustering using the 18 discriminating purine pathway genes and by principal components analysis (Supplemental For personal use only. on April 29, 2017 . by guest www.bloodjournal.org From Document). This finding indicates that disruption of the TEL gene may be responsible for differential expression of purine pathway genes and lower DNPS in ALL cells.
Taken together, these findings reveal previously unrecognized differences in the expression of genes involved in purine metabolism with or without the TEL-AML1 fusion and concordant differences in de novo purine synthesis in ALL with or without the TEL-AML1 fusion. This provides new insights into biologic differences in TEL-AML1 ALL and to the favorable prognosis of this common genetic subtype of B-lineage ALL.
